Reverse translational research takes a bedside-to-bench approach, using sophisticated basic research to explain the biological mechanisms behind observed clinical data. For transporters, which play a role in human disease and drug response, this approach offers a distinct advantage over the typical translational research, which often falters due to inadequate in vitro and preclinical animal models. Research on ABCG2, which encodes the Breast Cancer Resistance Protein, has benefited immensely from a reverse translational approach due to its broad implications for disease susceptibility and both therapeutic and adverse drug response. In this review, we describe the success of reverse translational research for ABCG2 and opportunities for further studies.
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Translational research generally takes a bench-to-bedside approach, in which laboratory research is translated to address pertinent problems in the clinic. This approach has led to a wealth of new information about human physiology and pathophysiology. However, the approach falters in one key area: the discovery and development of new drug therapies. What is often described as the "valley of death" refers to the large gap between the number of potential drug targets identified through laboratory research each year and the number of new therapies on the market. Notably, budgets of the top 10 pharmaceutical companies totaled $70.5 billion in 2016, with only 22 new drugs being approved by the US Food and Drug Administration (FDA) in the same year. 1, 2 So why has translational research failed to result in more approved prescription drugs? The leading cause for failure of drugs in phase II and III clinical trials is lack of efficacy, followed by lack of safety and market need. 3 Lack of efficacy can be attributed to the failure of methods used in drug development to reliably predict therapeutic drug response. For example, cell-based research fails to fully recapitulate the complexity of the human body as a whole system, whereas large differences in pharmacologic action between humans and preclinical animal species may result in false predictions of drug response. Further, differences in drug metabolism and transport among species may result in poor predictions of pharmacokinetics, which in turn may lead to lack of efficacy or safety in clinical trials. Because of these species differences, drug developers are increasingly relying on human genetic data as well as in vitro assays from human cells. In vitro drug metabolism studies are typically performed in primary or cryopreserved hepatocyte cultures and microsomes derived from human liver. However, hepatocytes lose much of their canalicular drug transporters during culture and undergo substantial dedifferentiation when plated. 4, 5 The artificial environment of the system also has no flow or shear stress, which has been shown to affect transporter expression in mice. 6 Increasingly, a vast amount of human data has been extracted and stored in publicly accessible databases, providing an enabling resource for reverse translation. Reverse translational research offers a complementary approach to traditional translational research. In particular, in reverse translation, the challenge for the researcher is to explain the observational data through detailed and in-depth mechanistic studies, reproducing clinical findings in preclinical in vitro or in vivo models that can then be used for further translational research. This kind of research is especially powerful in the context of drug development, as it not only improves the safety and efficacy of newly developed drugs but also identifies potential new targets or clinical subtypes of disease that can inform future drug development. With the increasing availability of computational tools and decreasing costs of highthroughput genetic screens, reverse translational research has become a mainstay of human genetic studies, and is becoming an important tool in discovering the endogenous role of proteins as well.
Against this backdrop reverse translational research in the area of membrane transporters has advanced rapidly. Traditionally, membrane transporters have been of particular interest to drug developers because of their multiple roles in drug toxicity and pharmacokinetics. However, more recently, transporters have increasingly been recognized as enticing drug targets, as human genetic studies have revealed their roles in the pathophysiology of both rare and common disease. 7 For example, genome-wide association studies focused on serum uric acid levels have revealed an essential role for URAT1 (SLC22A12) in hyperuricemia, and supported the development of a new drug targeted to the transporter (lesinurad) in the treatment of gout. 8 Another transporter revealed in genome-wide association studies for its association with uric acid levels is the ATP-Binding Cassette protein, ABCG2, which encodes Breast Cancer Resistance Protein (BCRP). This efflux transporter, which contributes to the disposition of various drugs and endogenous solutes such as uric acid, estrone sulfates, and folic acid is of broad interest in drug development. Here we describe the successes of reverse translational research for this transporter, and include future directions for the potential of translating research on BCRP into diagnostic and therapeutic products.
THE DISCOVERY AND CHARACTERIZATION OF ABCG2
Because of its wide expression, broad substrate specificity, and complex regulation, BCRP plays an important role in a number of endogenous pathways as well as xenobiotic metabolism and excretion. Reverse translational research has made a significant impact on understanding the diverse roles of BCRP. Importantly, the discovery of BCRP itself has its own roots in reverse translation. Unlike the discovery of many other proteins, including transporters, which typically occurred in rodents followed by identification of human orthologs, BCRP was cloned directly from a human breast cancer cell line selected for multidrug resistance, as described below.
In the late 1970s, the discoveries of P-glycoprotein (P-gp, ABCB1) and Multidrug Resistance-Associated Protein (MRP, ABCC) introduced the idea of broad-spectrum xenobiotic efflux proteins that could induce multidrug resistance, and sparked a new wave of research focused on improving current chemotherapies. However, these transporters alone could not account for the spectrum of multidrug-resistant cancers seen in the clinic. 9 One trial dosed 41 EPOCH-resistant non-Hodgkin's lymphoma patients with both dexverapamil, a potent P-gp inhibitor, and EPOCH chemotherapy. The results showed only a moderate response in three patients (7%), and concluded that P-gp inhibition was insufficient to reverse drug resistance in non-Hodgkin's lymphoma. 10 Another study of verapamil, another P-gp inhibitor, and chemotherapy in previously untreated small cell lung cancer yielded similar results, with no significant difference between the control and verapamil treatment groups.
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These results, taken with many other instances of P-gp inhibitors falling short in the clinic, indicated other mechanisms by which tumors induced multidrug resistance. Using MCF-7 cells that exhibited resistance to both adriamycin and verapamil, Doyle et al. used RNA fingerprinting to identify a novel 72 kDa protein, thus the discovery of BCRP. 12 This finding was quickly replicated in other human cell lines, including colon carcinoma S1, gastric carcinoma EPG-85-257, and fibrosarcoma EPF86-079 cells. 9 In fact, two of these replications were discovered so soon after the discovery of BCRP that they were thought to be novel findings and the protein was given the names ABCP (ATP-Binding Cassette Placenta) and MXR (Mitoxantrone Resistance). 13 Today, we refer to the protein by its original name, BCRP.
BCRP has since been characterized as a half-transporter, requiring the formation of a homodimer by disulfide bridges to form a fully functional transporter. Similar to other human ABC transporters, BCRP functions as an efflux transporter, using ATP-hydrolysis to pump its substrates against the concentration gradient and protect tissues from harmful metabolites and xenobiotics. In addition to variable expression in tumors, BCRP is expressed on the apical cell membranes of the placenta, brain, prostate, gastrointestinal tract, testes, ovaries, hepatocytes, renal tubules, stem cells, adrenal gland, uterus, bile ducts, gallbladder, central nervous system, and endothelium of veins and capillaries. Many factors are involved in the regulation of BCRP expression and activity, such as cholesterol content, promoter methylation, and estrogen response elements. 13, 14 ABCG2 polymorphisms Although a number of single nucleotide polymorphisms (SNPs) are present in the ABCG2 gene, one SNP in particular has garnered much interest because of its high prevalence in Japanese and Chinese populations and its reduced function. ABCG2 c.421C>A (BCRP Q141K) encodes a change from glutamine to lysine at the 141 st amino acid of the BCRP protein, and has an allele frequency ranging from 22-34% in East Asian populations. 15 This missense codon does not alter mRNA levels of BCRP; rather, it increases the lysosomal breakdown of the protein from the endoplasmic reticulum. Studies suggest that this is due to instability in the nucleotide-binding domain, which disrupts protein folding and increases ubiquitination and degradation. 16, 17 Other variants, such as F489L and N590Y, have also been shown to affect BCRP expression and function, but are much less common and therefore are not as clinically relevant. 18, 19 ABCG2 AND DRUG DEVELOPMENT ABCG2 as a target for multidrug resistance Once BCRP had been identified as a possible mechanism for the multidrug resistance phenotype in cancer, many studies were performed to assess the impact of BCRP expression on clinical outcomes and chemotherapy treatment response. Interestingly, expression of BCRP in breast cancer, the namesake of the protein, was found to be highly variable in clinical tumor samples and was not a significant predictor of prognosis or progression-free survival after treatment. 20 However, in other cancers, such as acute myeloid leukemia, non-small cell lung cancer, ovarian cancer, chronic myeloid leukemia, and esophageal squamous cell carcinoma, the tumor expression level of BCRP was found to have a significant association with survival and response to therapy, with higher expression being linked to worse prognosis. [21] [22] [23] [24] In a panel of 150 untreated solid tumors, BCRP expression was evident in all of them, but especially high in cancers of the digestive tract, endometrium, and lung, and in melanoma. 25 These findings made BCRP a potential target for inhibition in chemotherapy-resistant cancers, especially for concomitant use with BCRP substrates (Figure 1 ).
Although the identification of BCRP as a target in the treatment of cancer was exciting in principle, thus far BCRP inhibitors have fallen prey to the "valley of death" in drug development. 26 Many potent and selective BCRP inhibitors have been identified via high-throughput screens and other methods, described in detail in other reviews. 9, 27, 28 Many of these inhibitors are able to resensitize multidrug resistant cells to the cytotoxic effects of chemotherapeutics. 9, 16 However, only a few BCRP inhibitors have made it to the clinic. As of 2015, only five inhibitors had been evaluated in the clinic, usually in a phase I study. Multiple clinical trials investigated lapatanib and topotecan as a method for overcoming BCRP-mediated drug-resistant cancers, but showed no clinical benefit in platinum-refractory/ resistant ovarian/peritoneal cancer and had increased toxicities in HER2-positive breast cancer that led to the discontinuation of the trial. 26, 29, 30 To further complicate clinical trials of BCRP inhibitors, a complex relationship was described between chemotherapies and BCRP regulation. Many studies found increased BCRP expression after treatment with chemotherapy, theoretically due to upregulation in the surviving tumor cells. 31 The tyrosine kinase inhibitor gefitinib was found to decrease BCRP expression via inhibition of the epidermal growth factor receptor (EGFR) pathway and resensitize cells to SN-38, the active metabolite of irinotecan, when given in the short term. 32 After long-term exposure, however, the increased SN-38 levels reactivated EGFR and actually increased BCRP expression to again reduce the levels and cytotoxic effects of SN-38. 27 These in vitro studies complicate the use of TKIs as resensitizing agents in the clinic, where patients would have long-term exposure to both drugs. Further, the coadministration of topotecan and sulfasalazine was shown to induce BCRP expression by promoter demethylation, suggesting a number of different mechanisms by which cancer cells upregulate BCRP expression after exposure to chemotherapeutics. 33 Thus, while reverse translational research led to the identification of BCRP as a target and even some early-phase clinical trials, these trials have not resulted in an approved therapeutic to improve efficacy of anticancer drugs. A more complete understanding of the systems and proteins involved in the activity and regulation of BCRP may make the clinical administration of BCRP inhibitors as chemosensitizers more feasible. Further, complete characterization of the binding sites and oligomerization of BCRP may offer even more insight into the development of more specific and less toxic inhibitors.
Although the development of BCRP inhibitors has not been successful to date, some interesting studies have shown that BCRP expression can still serve as a marker of prognosis on treatment, even for drugs that are not substrates for the transporter. One study in acute myeloid leukemia showed that patients treated with cytarabine, which is not a substrate of BCRP, were Figure 1 Chemotherapeutics that have shown to be BCRP substrates are summarized by their approved indications. These compounds are at risk for multidrug resistance and may benefit from the concomitant use of BCRP inhibitors in the clinic. Sources for each chemotherapy can be found in Supplemental Table S1 . Adapted and printed with permission from Designua/Shutterstock.com. much less likely to achieve complete remission if they had high BCRP expression. 34 Two other studies confirmed these findings, showing associations between BCRP mRNA and either survival or complete response rate. 34 Thus, expression of BCRP may be a biomarker for poor drug response irrespective of whether or not the chemotherapeutic agents are BCRP substrates.
Statin exposure
The list of BCRP substrates is large and diverse. Because of its diverse substrate specificity and high expression in the intestine, kidney, and liver, BCRP plays an important role in the absorption, distribution, and excretion of many prescription drugs. While new drugs are now routinely screened as substrates/inhibitors of BCRP, this was not always the case, and thus, many older drugs including many statins are substrates of BCRP, and its variation in expression and activity can have a major impact on the efficacy and safety of these medications. In fact, there is perhaps no better example of the triumph and swift nature of reverse translational research than that of rosuvastatin and BCRP. While the average time to develop a drug is 10-12 years, the time it took to change the drug product insert based on observed ethnic differences in exposure to rosuvastatin was only 2 years. 35 Perhaps more impressively, it would seem as though these observed ethnic differences could be almost entirely attributed to genetic polymorphisms in two membrane transporters: OATP1B1 (SLCO1B1) and BCRP.
HMG-CoA reductase inhibitors, also known as statins, were introduced in 1987 with the development of lovastatin for lowering low-density lipoprotein cholesterol (LDL-C). HMG-CoA reductase catalyzes the rate-limiting step in the cholesterol biosynthetic pathway. 36 After lovastatin, synthetic statins such as atorvastatin and rosuvastatin were approved for the treatment of dyslipidemia. 37 Rosuvastatin, marketed as Crestor, was approved by the FDA in August 2003 as the sixth statin on the market, with a maximum dose of 40 mg and a recommended starting dose of 10 mg daily for patients without renal impairment. 38 Despite being the sixth statin on the market, Crestor is widely used and was the top statin on the market in 2015 according to revenue and sales. 39 Clinical trials for the development of rosuvastatin were done primarily in subjects of European descent, and a dose-limiting muscle toxicity of myopathy and rhabdomyolysis was observed at a rate of 0.4% in subjects taking 80 mg daily. 40 However, in an assessment of a multinational phase II/III program, no rhabdomyolysis was attributed to rosuvastatin at doses <40 mg daily. 41 Patients with conditions that increase exposure such as renal impairment or concomitant medications were found to have an increased risk of the dose-dependent toxicities of rosuvastatin. 38, 40 When similar trials were performed in Japanese cohorts, a large increase in rosuvastatin exposure was observed compared to corresponding doses in Caucasian subjects. 40, 42 This increase in exposure mixed with the exposure-dependent toxicities prompted AstraZeneca to release a revised drug insert suggesting a decreased starting dose for Asian subjects in March 2005, just 2 years after initial approval. 38 Up to this time, the differences in exposure had only been observed in the clinic but could not be fully explained. SLCO1B1 (OATP1B1) was known to take up rosuvastatin in the liver, and reduced-function variants had been previously associated with differences in other statin pharmacokinetics. 43 However, many speculated that differences could also be attributed to diet and environmental factors. To best solve this problem, Lee et al. 44 studied rosuvastatin exposure in various ethnic groups all living within the metropolitan area of Singapore. They showed that Japanese subjects had up to twice the exposure as European subjects given the same dose, and that SLCO1B1 genotypes could not account for the observed differences. 44 This study provided strong evidence that there was a genetic factor causing the difference in exposure between the two ethnic groups, and encouraged further research into the mechanism. Unlike other statins, rosuvastatin did not undergo extensive metabolism and was excreted mostly as unchanged drug in the bile. 37, 38 Among the efflux transporters that could potentially be determinants of rosuvastatin exposure, BCRP, MDR1, or MRP2, BCRP indeed transported rosuvastatin. 45 Thus, further studies were done to determine the effect of BCRP genetic polymorphisms on rosuvastatin exposure. One study, in healthy Chinese males, showed that when controlling for CYP2C9 and SLCO1B1 variation, BCRP Q141K significantly increased the area under the curve (AUC) and decreased the apparent clearance (CL/F) for rosuvastatin. 46 Another study in healthy Finnish volunteers showed that even in European subjects, the Q141K polymorphism markedly affected rosuvastatin exposure. 47 Recent studies have suggested that when controlling for both ABCG2 and SLCO1B1 genotype, the difference in rosuvastatin exposure between Asian and Caucasian volunteers is nullified, although the study was not powered to detect modest differences. Previous studies have shown that with larger sample sizes, there are still intrinsic ethnic differences between the two population's rosuvastatin pharmacokinetics that are not explained by BCRP and SLCO1B1 variants. 48, 49 Although the FDA and other regulatory bodies do not require BCRP genotyping before dosing rosuvastatin, and the product label suggests giving a lower dose to individuals of East Asian ancestry, the data point to genotypes being the driving safety concern for dosing rather than ethnicity. Many individuals of nonEast Asian ancestries harbor the BCRP Q141K variant, and these individuals should potentially be started on lower doses. Further, East Asians without the BCRP Q141K variant or reduced OATP1B1 function may benefit from higher doses, although larger studies are still needed to verify this benefit. Clearly, studies of the BCRP polymorphism and its effect on rosuvastatin exposure and adverse drug reactions have underscored the importance of BCRP in drug disposition, especially for drugs with narrow therapeutic indices. Due to the high prescription rate of statins and their potential for rare, but life-threatening adverse effects, the FDA now recommends screening new molecular entities for their inhibition or transport by BCRP to avoid drug-drug interactions. The International Transporter Consortium has issued recommendations for the design and implementation of these drug-drug interaction studies, and suggests a pharmacogenetic approach to any new molecular entity in which BCRP plays a large role in the disposition or response due to the high allele frequencies of the reduced function BCRP Q141K variant, 50, 51 especially considering the number of BCRP substrates on the World Health Organization list of essential medicines (Figure 2) . The change in regulatory guidance for BCRP represents a true outcome of reverse translational research focused on BCRP. Beginning with the observation that Asians have increased exposure and consequently more adverse events, the mechanisms were then identified and related to genetic polymorphisms in ABCG2. Dosing recommendations were changed for Asians, and extrapolated to guidances focused on BCRP-mediated drug-drug interactions, which can phenocopy the effects of genetic polymorphisms.
Sunitinib and irinotecan toxicities
While preemptive screening helps identify BCRP-mediated drugdrug interactions that can lead to issues with safety and efficacy, a number of drugs that were approved before the discovery of BCRP have toxicities that have been since attributed to variation in BCRP activity and expression. Irinotecan, used for the treatment of colorectal and lung cancers, was identified as a BCRP substrate; that is, high BCRP expression in tumors associated with nonresponse to the drug. 52 However, a number of patients also experienced myelosuppression and early-onset diarrhea, doselimiting toxicities of the drug. These toxicities were associated with high steady-state concentrations of irinotecan and its active metabolite, SN-38. 53 One study, screening 170 SNPs in 14 candidate genes, showed that rs2622604, a SNP in the first intron of ABCG2, correlated significantly with severe myelosuppression in patients taking irinotecan. 54 Because this SNP is intronic, its relation to irinotecan pharmacokinetics is unknown, but these results suggest that the SNP may increase irinotecan exposure, perhaps by modification of BCRP expression or activity.
Similar studies were conducted for other substrates of ABCG2 with dose-limiting toxicities, such as sunitinib and gefitinib. Sunitinib, a tyrosine kinase inhibitor known to interact with BCRP, has a number of toxicities including thrombocytopenia, leukopenia, mucosal inflammation, and hand-foot syndrome. 55 Risk for any of these toxicities at a grade of 2 or higher was significantly increased by reduced function BCRP variants, and specifically the BCRP Q141K variant was linked to an increased risk for grade 3 or 4 thrombocytopenia even after correcting for non-genetic risk factors. This could be due to higher exposure, as one group attributed an increased AUC of sunitinib to the BCRP Q141K variant and replicated these findings in Abcg2(-/-) mice. 55, 56 Inclusion of BCRP Q141K in the population pharmacokinetic (PK) model for sunitinib was found to significantly improve the estimation of clearance. 57 BCRP Q141K was also linked to an increased risk for developing grade 1 or 2 diarrhea following gefitinib treatment in nonsmall cell lung cancer. 58 These findings exemplify the importance of pharmacogenetic studies for BCRP substrates for more precise dosing of drugs with narrow therapeutic indices or dose-limiting toxicities. Although currently there are no expert guidelines for use of BCRP genotype information in clinical dosing, such as a Clinical Pharmacogenetics Implementation Consortium paper, Table S2) . 15 This variant is common among Hispanic, Asian, and Caucasian populations and could cause complications in the administration of BCRP substrates and inhibitors, which are numerous. For example, there are 34 compounds that interact with BCRP on the World Health Organization List of Essential Medicines, listed here. An asterisk (*) indicates substrates for which BCRP activity has been shown to significantly affect pharmacokinetics in vivo. Sources for each medication can be found in Supplemental Table S4 .
continued research and validation of the association of BCRP variants with toxicities to anticancer agents may eventually result in clinical guidelines and genotype-driven dosing of various drugs.
THE ENDOGENOUS ROLE OF ABCG2
Due to its high levels of expression in tissues vital to the absorption, distribution, and excretion of exogenous compounds, BCRP functions as a barrier between vital organs and toxic compounds. This is especially true in some of the body's most sensitive tissues, the placenta and brain. BCRP is highly expressed in the bloodbrain barrier (BBB), and has been shown to protect the brain from toxic pharmaceuticals as well as endogenous compounds such as porphyrins that can be toxic at high levels and under hypoxic conditions. 59 Some of the endogenous roles and regulation of BCRP have been uncovered via in vitro studies and studies in knockout mice, which have then been translated to the clinic. Large, highthroughput screens offer a quick way to screen compounds for their ability to inhibit BCRP, but these screens tend to generate a number of false positives. Further, these large-scale screens give no information about the importance of a compound's disposition in vivo. As a prime example, almost all of the statins are substrates for the transporter, but only rosuvastatin and atorvastatin exposure seem to be altered by BCRP genotype, likely due to intrinsic differences in intestinal bioavailability and the contribution of BCRP to both the absorption and excretion of each statin. 60 Although translational studies from mice to humans have revealed much about the pharmacological role of BCRP, genome-wide association studies (GWAS) in the reverse translational direction have revealed endogenous roles of BCRP, and in particular, its role in uric acid disposition.
Uric acid levels and gout
Gout is a painful arthritic disease that manifests as uric acid crystals in the joints of the body. Hyperuricemia or high uric acid levels in the serum (>6.8 mg/dL) is the central risk factor for developing gout, which has been associated with fatal comorbidities such as chronic kidney disease, stroke, and myocardial infarctions. 61 In 2008, the first GWAS on uric acid levels and dyslipidemia was performed, identifying genetic variants in SLC2A9 as a risk for high uric acid levels. Replication cohorts and further studies expanded on these findings, and with increasing numbers, an association between ABCG2 variants and uric acid levels was uncovered. 62 Specifically, the BCRP Q141K variant was linked to high uric acid levels.
These GWAS led to the hypothesis that BCRP was a uric acid transporter and played a role in uric acid handling in the kidney and/or intestine, a function that was not previously known. Indeed, in vitro studies confirmed that BCRP is a high-capacity uric acid transporter with a K m and V max of 8.24 6 1.44 mM and 6.96 6 0.89 nmol/min/mg protein, respectively. 63 Many elegant studies following the initial GWAS have identified BCRP as not only an important factor in the kidney "urate transportersome" but also as a vital transporter for uric acid excretion in the intestine. 64 Since then, researchers have categorized gout and hyperuricemia into two clinical subtypes: renal underexcretion and renal overload. Renal underexcretion results from reduced excretion of urate in the kidney, potentially due to kidney disease or genetic polymorphisms in renal urate transporters. Renal overload, on the other hand, results from reduced extrarenal excretion or overproduction of uric acid. 64, 65 Both subtypes have been linked to BCRP dysfunction, but recent studies in chronic kidney disease patients suggest that BCRP may be the most important factor for extrarenal excretion of uric acid, as it is the top gene that associates with uric acid levels in patients with deteriorated kidney function. 66 This distinction, stemming from a better understanding of the underlying mechanisms in urate handling, has generated many hypotheses on more precise treatment for hyperuricemia and gout. One GWAS in particular found that splitting subjects by their clinical subtype of gout revealed unique associations between genetic risk factors and clinical parameters such as fractional excretion of uric acid and urinary urate excretion, suggesting that these genes play different roles depending on the clinical manifestation of gout. 67 Future studies are needed to determine the most effective treatment for each clinical subtype.
ABCG2 variation has also proven to be a useful probe in deciphering the relationship between uric acid levels and other risk factors for comorbidities. Uric acid levels have been shown to associate with comorbidities of gout such as cardiovascular disease, type 2 diabetes, and chronic kidney disease. However, the cause and effect relationship between these disease states is largely unknown. The genetic architecture of urate levels and gout has been used to create a genetic urate score that can be used to predict uric acid levels and risk for gout. These factors were not good predictors for cardiovascular disease or chronic kidney disease, suggesting that uric acid levels may not be the sole determinant of these conditions. 68 Recently, ABCG2 has also been implicated in response to the gout treatment allopurinol through GWAS. Allopurinol is a xanthine oxidase inhibitor and closely resembles uric acid and its precursor, xanthine. A GWAS in 2,027 multiethnic subjects linked the BCRP Q141K variant with a reduced response to allopurinol, with an independent study replicating these results, confirming adherence to the drug by accounting for plasma drug levels in subjects. 69, 70 Further studies are needed to confirm the role of BCRP variation on the pharmacokinetics and pharmacodynamics of allopurinol and other xanthine oxidase inhibitors.
Other GWAS
Through GWAS, genetic variants in ABCG2 have been associated with a number of other phenotypes, highlighted in Table 1 . The wide array of BCRP substrates and high allele frequencies of reduced-function variants make it easier to detect BCRP-related changes in endogenous and exogenous substrate levels through GWAS. Beyond its associations with gout, uric acid levels, allopurinol response and LDL cholesterol lowering in patients taking statins, BCRP has also been associated at suggestive P-values with caffeine intake, sitting height ratio, lipoprotein-associated phospholipase A(2) change, and dental caries. Many of these findings still require replication and functional studies to determine the mechanism by which BCRP variation plays a role, but offer further opportunities for reverse translational research. 71 Alzheimer's disease and amyloid beta deposition GWAS represent a useful tool for probing how genetic variation can impact a phenotype, but gene expression studies are an even more direct method of determining the role of protein expression in metabolite levels and disease risk. The link between BCRP and Alzheimer's disease (AD) was discovered via gene expression screening in human brain tissue, and has since been explored as a potential biomarker of this devastating disease.
The prevalence of AD, the most common form of dementia, is on the rise. An estimated 24 million people suffer from this disease globally, with approximately 95% of those cases being late onset. In comparison to early-onset disease, which can be attributed to highly penetrant variants in genes for amyloid precursor protein (APP) breakdown such as APOE and amyloid-beta (A- AD is characterized by A-beta peptides deposited extracellularly in diffuse and neuritic plaques. However, the mechanism by which these A-beta peptides cross the BBB was unknown until 2009. Using gene expression analysis in brains from AD patients as well as Abcg2 null mice, Xiong et al. found that BCRP played an important role in preventing the deposition of these peptides in the brain. 73 In particular, BCRP expression was upregulated in brain tissue from AD patients. Conversely, Abcg2 null mice showed an increased accumulation of labeled A-beta peptides compared to wildtype mice, as well as an increase in nuclear factor kappa B (NF-KB) activation. Cell studies showed that A-beta peptide activated microglia could actually stimulate the expression of BCRP, further supporting the idea that BCRP protects the brain from A-beta peptides through efflux mechanisms. 73, 74 Some studies have failed to replicate the original upregulation of BCRP in AD brains, although this may be attributed to which regions of the brain are studied. 74 Because of its proposed role in A-beta peptide deposition, BCRP Q141K was investigated for an association with Alzheimer's risk. Although it does associate with a small increase in risk, this association is most pronounced in those carrying the APOE4 risk variant. 75 However, replication and validation are still necessary.
SUMMARY AND CONCLUSIONS
BCRP was originally discovered via reverse translational research as a possible mechanism for multidrug resistance in cancer treatment because of its efficient efflux of a number of chemotherapeutics. Since then, it has been described as a broad-spectrum efflux transporter that regulates circulating levels of its substrates, both xenobiotic compounds and endogenous metabolites. Reduced-function variants in ABCG2, specifically BCRP Q141K, have been associated with changes in pharmacokinetics and pharmacodynamics (PK/PD) of drugs that have resulted in reduced efficacy and increased toxicities in patients carrying these variants. Rosuvastatin is perhaps the most widely used and well known of these drugs, and differences in PK/PD were originally attributed to ethnic differences. Since then, reverse translational research has shown that genetic variation in SLCO1B1 and ABCG2 in both Asian and Caucasian patients contribute to the large variation in drug exposure and response, regardless of ethnicity.
Of the many endogenous metabolites of BCRP, uric acid has garnered quite a bit of interest in the field because of its discovery via GWAS. Genetic variants in ABCG2 associated with SUA levels in various ethnic groups, and further functional studies confirmed that BCRP and its reduced-function variants play a role in uric acid homeostasis and risk for gout and hyperuricemia. These variants, due to their strong predictive value, have since been used as probes for testing the associations between uric acid levels and comorbidities of high uric acid, as well as discerning between clinical subtypes of gout. While uric acid is the major success story of discovering BCRP's endogenous role, ABCG2 variants have been associated with other phenotypes in GWAS, including response to the antigout medication, allopurinol. These studies suggest the potential for future reverse translational studies to further elucidate the role of BCRP in the disposition of other drugs, beyond statins, methotrexate, and allopurinol, which are substrates of the transporter.
BCRP's endogenous role has also been identified via gene expression studies, regardless of genotypic variation. Expression levels in brain tissues with AD identified the upregulation of BCRP as a potential protective function from the disease. These studies showed that a buildup of A-beta peptides could stimulate the upregulation of the transporter to protect precious brain tissue from the harmful peptide. Further studies will be needed to identify whether BCRP upregulation could be a druggable target for the prevention of AD.
Reverse translational research improves upon translational research by incorporating observed clinical data into preclinical models that not only validate these models but characterize the mechanisms behind the observed clinical phenotype. Here we have described a number of tools and studies that have successfully determined the role of BCRP as a drug target, modulator of pharmacokinetics and pharmacodynamics, and mediator of endogenous metabolite levels. This efflux transporter is of particular importance in drug development because of its role in drug disposition and drug-drug interactions, but recently has also been shown to be important in the pathogenesis of disease states. Great focus should be placed on elucidating the complex regulation and endogenous role of BCRP to better understand the dosing of its substrates as well as the potential of drugging it as a therapeutic target.
